Objectives: This study was performed to evaluate the effects of muscone on the proliferation, migration and differentiation of human gingival mesenchymal stem cells (GMSCs) and to explore the relevant mechanisms.
Introduction
Tissue engineering is one of the most popular research fields to emerge in recent years, and this field is mainly concerned with generating new structures for damaged or lost tissues that include three important features: seed cells, scaffold materials and cytokines. 1, 2 One goal of regenerative medicine is to regenerate and repair tissues damaged or lost due to various diseases. 3 The key to tissue engineering and regenerative medicine is finding stem cells with the potential for self-renewal and multidirectional differentiation. Among numerous seed cells, the most widely used are adult mesenchymal stem cells (MSCs), including bone marrow MSCs (BMSCs), 4 adipose-derived MSCs, 5 human amniotic membrane-derived MSCs and umbilical cordderived MSCs. 6 Although these MSCs come from a wide range of sources, a limited number of cells are available from the tissue source. Among different populations of stem cells, gingival mesenchymal stem cells (GMSCs) have attracted much attention because they are easily accessible from the oral cavity, the collection procedures do not require invasive procedures, and they have relatively significant self-renewal capacity, multilineage differentiation ability, and anti-inflammatory and immunomodulatory properties. [7] [8] [9] An increasing number of studies have found that GMSCs can differentiate into chondrocytes, osteoblasts, endothelial cells and smooth muscle cells upon induction by different factors. 6, 10, 11 Most importantly, GMSCs are expected to be safely and effectively applicable to clinical tissue regeneration.
Natural musk has the effects of tranquilizing and allaying excitement, relieving swelling and pain, promoting blood circulation to remove blood stasis and ameliorating infantile convulsions. 12 Muscone, muscopyridine, cholesterol, polypeptides, proteins, fatty acids and a few inorganic elements are the main components of natural musk, among which muscone (3-methylcyclopentadecanone, Figure 3A ) is the main effective component. 12 At present, musk is used in the treatment of cardiovascular diseases, inflammation, and bone injury. [13] [14] [15] In the 1970s, muscone was used to relieve angina by dilating coronary arteries. 16 Some studies found that muscone has a good anti-ischemic effect on the central nervous system and somewhat improves the function of vascular endothelial cells, thereby improving the vascular remodeling of the middle cerebral artery. 17, 18 It has been reported that muscone exerts cytotoxic effects, induces the apoptosis of cancer cells, and influences the expression of proto-oncogenes and tumor suppressor genes to achieve antitumor effects. 19, 20 Hou Feiyi demonstrated that muscone promotes the proliferation and osteogenic differentiation of BMSCs. 21 Some researchers found that muscone also promotes the migration of exogenous rat BMSCs in a rat model. 22 The Wnt/β-catenin signaling pathway is an evolutionarily conserved signal transduction pathway that regulates a wide range of cellular functions during development and adulthood. 23 In previous studies, researchers have found that this pathway controls multiple aspects of development, including cell proliferation, cell fate determination, apoptosis, cell migration and cell polarity during development and stem cell maintenance in adults. 24 The canonical and noncanonical Wnt signaling pathways regulate the osteogenic and adipogenic differentiation of human MSCs. 25, 26 Boland showed the upregulation of WNT11, FZD6, SFRP2, and SFRP3 and the downregulation of WNT9A and FZD7 during MSC osteogenesis in vitro. 25 Ross found that WNT1, WNT10b and β-catenin inhibited the adipogenic differentiation of fat precursor cells by downregulating the expression of the transcription factors C/EBPα and PPARγ. 26 To our knowledge, the effect of muscone on the biological behavior of GMSCs has not been reported. Therefore, the aims of our study were to evaluate the effects of muscone on GMSC proliferation, migration and differentiation and to explore correlations with Wnt/ β-catenin signaling. We hope that the results provide a theoretical basis for the application of GMSCs and muscone in tissue engineering and regenerative medicine.
Materials And Methods

Cultivation Of Human GMSCs
Healthy human gingival tissues were obtained as remnants of discarded tissues as approved by the Medical Ethical Committee of School of Stomatology, Shandong University (NO: R 20180401). All procedures were carried out in accordance with the principles of the Declaration of Helsinki. Informed consent was obtained from all participating human subjects for the collection of fresh tissue. The gingival specimens were de-epithelialized to exclude most keratinocytes. 13 The cells were routinely cultured in α-MEM (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; BioInd, Kibbutz, Israel), 50 mg/mL streptomycin and 50 U/mL penicillin G. All the cultures were maintained at 37°C in a humidified incubator with 5% CO 2 . The medium was changed every 3 days. Cells spontaneously migrated from the explant fragments. After reaching 80% confluence, adherent cells were detached with trypsin (Sigma, St Louis, MO, USA). To further isolate and purify stem cells, single cell suspensions of primary cells were cloned with the limiting dilution method as previously described. 27 Single cell-derived colonies were used at passages 3-5. For each experiment, GMSCs from the same passage (passages 3-5) were used.
Identification Of Human GMSCs
Cells in the logarithmic growth phase were digested with trypsin into single cell suspensions. Cells were analyzed for the expression of cell surface markers (CD34, CD44, CD45, CD90, and CD105) by flow cytometric analysis (CytoFLEX; Beckman Coulter, Brea, CA, USA). Approximately 10 6 cells were used to detect each molecule. Labeled cells were thoroughly washed, centrifuged three times and then resuspended in PBS. Flow cytometry was used to determine the fluorescence intensity and number of positive cells. To determine the growth rate of GMSCs in the exponential phase, the population doubling time (PDT) was calculated: PDT = CT/PDN, where CT is the culture time, and PDN = log (N1/N0) ×3.31 (N1, final cell number; N0, initial cell number). 28 To examine the multidirectional differentiation potential of GMSCs, 29, 30 GMSCs were cultured in osteogenesis-inducing medium (α-MEM supplemented with 10% FBS, 1 μM dexamethasone, 50 mg/L ascorbic acid, and 3 mM β-glycerophosphate) (Sigma-Aldrich, St. Louis, MO, USA) or adipogenesis-inducing medium (α-MEM supplemented with 10% FBS, 0.5 mM IBMX, 1 μM dexamethasone, 200 μM indomethacin, and 10 μM insulin) (Sigma-Aldrich, St. Louis, MO, USA). Cells seeded on 6-well plates were cultured for 21 days and then stained and examined under a microscope.
Cell Proliferation And Colony Formation Assays
GMSCs were plated in 96-well plates at 3500 cells per well. After cell synchronization with 1% FBS for 24 hrs, the medium was changed to α-MEM supplemented with 0.1% FBS and 0, 3, 6, or 9 mg/L muscone (National Institutes for Food and Drug Control, Beijing, China) for 24, 48, and 72 hrs. The muscone concentrations were selected based on previous studies. [19] [20] [21] [22] The muscone concentration for intragastric administration in animals generally ranges from 1 mg/kg to 10 mg/kg. 31, 32 A Cell Counting Kit-8 (CCK-8, Dojindo Laboratories, Kumamoto, Japan) was used to measure GMSC proliferation. Solutions of α-MEM and CCK-8 were generated at a 9:1 ratio, 100 μL of this solution was added to each well, and the plates were incubated for 2.5 hrs at 37°C. The absorbance was measured at 490 nm using a SPECTROstar Nano microplate reader (BMG Labtech, Ortenberg, Germany). GMSCs were seeded in culture dishes at 500 cells/dish and stimulated with 0, 3, 6, and 9 mg/L muscone. After 10 days, the cells were fixed in 4% paraformaldehyde for approximately 30 mins. Cell colonies were counted after staining with crystal violet (Solarbio, Beijing, China). The ability of the cells to form colonies (groups of 50 or more adhering cells derived from the same mother cell) was evaluated.
Wound Healing And Cell Migration Assays
GMSCs were cultured in 6-well plates to at least 90% confluence for wound healing assays. After starvation for approximately 24 hrs, the monolayer of GMSCs was scratched by a sterile pipette tip. Then, medium containing 0.1% FBS with 0, 3, 6, and 9 mg/L muscone was added to each well. The same migration position was photographed by a digital camera under an inverted microscope (Olympus) at 0 and 24 hrs. ImageJ software (NIH, Bethesda, MD, USA) was used to measure the migration area and to calculate the number of migrated cells: migration area= [blank area (0 hrs)-blank area (24 hrs)]/blank area (0 hrs).
The effect of muscone on GMSC migration was evaluated using transwell chambers (8.0 μm pore size; Corning, NY, USA) in 24-well plates. The upper chamber contained 10 5 cells in 200 μl of α-MEM containing 0.1% FBS, and the lower chamber contained 500 μL of α-MEM containing 0.1% FBS with various concentrations of muscone (0, 3, 6, and 9 mg/L). The chambers were incubated for 24 hrs. The nonmigrating cells in the upper chamber were gently removed with a cotton swab. The cells that migrated to the lower chamber were fixed with paraformaldehyde, stained with crystal violet and counted in three randomly selected microscopic fields per chamber in a blinded manner.
ALP Staining And Activity Assays
GMSCs were seeded in 6-well plates at 10 5 cells/well in osteogenesis-inducing medium with 0, 3, 6, and 9 mg/L muscone. After 7 and 14 days of induction, the cells were fixed. ALP staining was performed according to the instructions of an ALP staining assay kit (Solarbio), and stained plates were photographed and inspected with a light microscope.
After 7 and 14 days of induction, cells were scraped into 1% Triton X-100 (Solarbio) on ice. Then, the cells were sonicated and centrifuged at 12,000 ×g for 15 mins at 4°C. A BCA protein assay kit (Solarbio) was used to measure protein concentration. ALP activity was assayed according to the instructions of an ALP activity assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and the absorbance was measured at 520 nm with a spectrophotometer. ALP activity was calculated according to the phenol concentration in the standard well, and the protein concentration was determined according to the bicinchoninic acid (BCA; Solarbio) method.
Alizarin Red And Oil Red O Staining Assays
GMSCs were cultured in 6-well plates in osteogenesisinducing medium or adipogenesis-inducing medium with 0, 3, 6, and 9 mg/L muscone. After 3 weeks of induction, the cells were fixed with paraformaldehyde and stained with 2% alizarin red (pH 4.2) or oil red O for 15 mins at room temperature. Stained plates were photographed and inspected with a light microscope. To quantify the amount of mineral deposition or the number of lipid droplets, 400 μl of 10% cetylpyridinium chloride (CPC; Sigma-Aldrich) or 700 μl of isopropyl alcohol (Solarbio) was added to the stained dishes, and the absorbance of the extracted dye was measured at 562 nm or 510 nm.
Real-Time Polymerase Chain Reaction (RT-PCR) Analysis
GMSCs were cultured in 6-well plates in osteogenesis-inducing medium or adipogenesis-inducing medium with 0, 3, 6, and 9 mg/L muscone. After 7 and 14 days (osteogenesis) or 3 and 6 days (adipogenesis) of induction, total RNA of cells subjected to different treatments was isolated with Trizol (Takara, Tokyo, Japan). Reverse transcriptase (TaKaRa Biotech) was used for cDNA synthesis according to the manufacturer's instructions. RT-PCR was performed using SYBR ® Premix Ex Taq TM (TaKaRa) with a Roche LightCycler 480 system, and each RNA sample was assayed in triplicate. The ALP, RUNX2, PPARγ, LPL, β-catenin and GAPDH primer sequences were as follows: ALP: 5′-ATGG GATGGGTGTCTCCACA-3′ and 5′-CCACGAAGGGGAA CTTGTC-3′; RUNX2: 5′-TCCACACCATTAGGGACCA TC-3′ and 5′-TGCTAATGCTTCGTGTTTCCA-3′; PPARγ: 5′-CTCCTATTGACCCAGAAAGC-3′ and 5′-GTAGAGCT GAGTCTTCTCAG-3′; LPL: 5′-AGGACACTTGCCACCT CATTC-3′ and 5′-ACAGCCAGTCCACCACAATG-3′; βcatenin: 5′-GGCTTGGAATGAGACTGCTG-3′ and 5′-GGT CCATACCCAAGGCATCC-3′; and GAPDH: 5′-AGGTCG GTGTGAACGGATTTG-3′ and 5′-TGTAGACCATGTAGT TGAGGTCA-3′. GAPDH was used as an internal control to quantify and normalize the results. The amount of mRNA was calculated.
Western Blot Analysis
GMSCs were seeded in 6-well plates at 10 5 cells/well. GMSCs were washed with PBS, lysed with RIPA lysis buffer containing 1% PMSF (Solarbio) and then centrifuged at 12,000 ×g for 15 mins at 4°C. After centrifugation, proteins in a supernatant were collected and quantified using a BCA protein assay kit (Solarbio). Total proteins were mixed with 5X sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and incubated at 100°C for 5 mins. Twenty micrograms of protein per lane was separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, USA). The membranes were blocked and probed with primary antibodies that recognized ALP and Osterix (1:10,000; Abcam, Cambridge, MA, USA) and β-catenin, GSK3β, p-GSK3β (Ser9), LEF, PPARγ and GAPDH (1:1000; Cell Signaling Technology, Danvers, MA, USA). Secondary antibodies were selected according to the species of origin of the primary antibodies. Blotted proteins were detected using an enhanced chemiluminescent substrate kit (Millipore). The level of each protein was normalized to that of GAPDH before statistical analysis. ImageJ software (NIH, Bethesda) was used to quantify protein expression.
Statistical Analysis
Normally distributed data are presented as the mean ± standard deviation of at least three replicates for each experiment. Either Student's t-tests or one-way analysis of variance (ANOVA) was performed to test the significance of differences between the control group and the experimental groups using SPSS 22.0 software (IBM Corporation, Armonk, NY, USA) and GraphPad Prism 6 (GraphPad Software Inc., La Jolla, CA, USA). P<0.05 was considered statistically significant.
Results
Isolation And Characterization Of GMSCs
adipogenesis-inducing medium for 21 days. Alizarin red and oil red O staining revealed the formation of mineralized nodules ( Figure 1C ) and the accumulation of lipid droplets ( Figure 1D ). We calculated the PDT of GMSCs ( Figure 1E ) to be 24.12 hours, which is roughly the same as the PDT of other MSCs.
Muscone Enhanced GMSC Proliferation
The number of surviving GMSCs in various concentrations of muscone ( Figure 3A) was measured by CCK-8 assays on days 0, 1, 3 and 5. All three concentrations of muscone significantly increased the cell yield compared with the control group (P<0.001), especially at 3 and 5 days; at these time points, 6 mg/L muscone showed the strongest effect ( Figure 3B ). The colony formation assay results showed a significant difference between the control group and the experimental groups ( Figure 3C ). More and larger colonies were observed in the experimental groups after 10 days ( Figure 3D ).
Muscone Enhanced The Wound Healing And Migration Capabilities Of GMSCs
We measured and calculated the area over which the cells had migrated. The results indicated that the migration area was significantly larger for the experimental group than for the control group after 24 hrs (P<0.05) ( Figure 4A e, f, g, h; Figure 4C ). The ability of muscone to act as a chemotactic for GMSCs was quantified with a transwell migration assay. The experimental groups treated with muscone (3, 6, and 9 mg/L) showed significantly enhanced GMSC migration compared with the control group (0 mg/L) (P<0.05) ( Figure 4B ); 6 mg/L muscone had the strongest effect ( Figure 4A a, b, c, d ).
Muscone Inhibited Mineral Deposition And ALP Activity And Downregulated Osteogenesis-Related Gene Expression In GMSCs
Mineral deposition was analyzed in an alizarin red staining assay, and the relative amount of calcium was quantified. The results showed that 3, 6, and 9 mg/L muscone significantly inhibited mineralization compared with the control ( Figure 5B ). Fewer and smaller calcified nodules were observed in the muscone group than in the control group ( Figure 5A ). ALP activity has been widely used as a marker of the early osteogenic differentiation of stem cells. In our study, ALP activity was measured at 7 and 14 days with or without muscone treatment. At days 7 and 14, the experimental groups treated with 3, 6, and 9 mg/L muscone showed significant inhibition of ALP activity compared with the control group ( Figure 5C ). The same result was observed in the ALP staining assay ( Figure 5D ). Moreover, ALP and RUNX2 expression levels were measured by qRT-PCR to verify the osteogenic effect of muscone at the molecular level. Treatment of GMSCs with 3, 6, and 9 mg/L muscone significantly decreased ALP and Runx2 expression at days 7 and 14 compared with the control (Figure 5E , F). 
Muscone Enhanced The Formation Of Lipid Droplets And Upregulated Adipogenesis-Related Gene Expression In GMSCs
The formation of lipid droplets was assessed in an oil red O staining assay ( Figure 6A ), and the relative number of lipid droplets was quantified. The experimental groups treated with 3, 6, and 9 mg/L muscone showed significantly enhanced lipid droplet formation compared with the control group ( Figure 6B ). Moreover, PPARγ and LPL expression levels were measured by qRT-PCR to verify the adipogenic effect of muscone at the molecular level. Treatment of GMSCs with muscone significantly increased PPARγ expression at days 3 and 6 ( Figure 6C ). LPL expression was not significantly affected by muscone at day 3 but was significantly increased at day 6 ( Figure 6D ).
Muscone Promoted The Adipogenic Differentiation And Inhibited The Osteogenic Differentiation Of GMSCs By Inhibiting The Wnt/β-Catenin Signaling Pathway
In previous experiments, muscone inhibited the osteogenic differentiation and enhanced the adipogenic differentiation of GMSCs. To characterize the relevant signaling pathway, we treated GMSCs with muscone and lithium chloride (LiCl, an agonist of the Wnt/β-catenin signaling pathway). Then, qRT-PCR and Western blot analyses were performed to investigate mRNA and protein expression levels and to explore the underlying mechanism. After cells were treated with LiCl, the osteogenesis-related genes ALP and Osterix were downregulated, and the signaling pathwayrelated genes β-catenin and LEF were increased at the protein level ( Figure 8A , B, C, D, E). Moreover, the osteogenesis-related gene Runx2 and the signaling pathway-related gene β-catenin were increased at the mRNA level ( Figure 7A, B) , and increased expression of the adipogenesis-related gene PPARγ and decreased expression of the signaling pathway-related genes β-catenin and GSK3β (Ser9) were observed at the protein level ( Figure  9A , B, C, D). Interestingly, the reduced p-GSK3β levels were ameliorated by the Wnt/β-catenin signaling pathway agonist LiCl in GMSCs ( Figure 9A, E) , and PPARγ and β-catenin mRNA levels were reduced in GMSCs treated with muscone and LiCl (Figure 7C, D) . We conclude that muscone inhibits osteogenic differentiation and enhances adipogenic differentiation via the Wnt/β-catenin signaling pathway.
Discussion
GMSCs are easy to isolate from oral mucosa tissues and possess stronger self-renewal and multilineage differentiation abilities and anti-inflammatory and immunomodulatory properties than previously used seed cells. [13] [14] [15] Previous studies have demonstrated mineralized tissue formation when GMSCs in hydroxyapatite/calcium phosphate scaffolds were subcutaneously implanted into nude mice. 13, 33 Treves-Manusevitz S found that fibrin/human oral mucosa stem cell (OMSC) constructs were endowed with the constitutive capacity to develop into mineralized tissues. 34 An increasing number of recent studies have proposed the use of GMSCs as a novel option in tissue engineering and regenerative therapy. The drug used in our experiments was muscone, which is an effective component extracted from natural musk. The separation and purification of natural musk components have revealed that muscone is the main effective component of natural musk and the main component that activates blood circulation. 12 At present, musk is mainly used in clinical treatment. [16] [17] [18] Studies have shown that muscone influences the proliferation and differentiation of BMSCs. 21, 22 Therefore, it would be of considerable research value to ascertain whether muscone affects the biological activity of GMSCs.
In our study, GMSCs were isolated and purified by trypsinization combined with the limiting dilution method, cell passaging, and adherent culture. 35, 36 Flow cytometry revealed that GMSCs expressed the MSC-associated surface markers CD44, CD90, and CD105 but not the hematopoietic markers CD34 and CD45. GMSCs could be induced to differentiate into osteoblasts and adipocytes in vitro, which indicated their multipotential differentiation capacity. These procedures met the standards for the identification of MSCs formulated by the International Society for Cell & Gene Therapy. 37, 38 Hou found that serum containing muscone was biologically active and promoted the proliferation of rat BMSCs; moreover, they showed that muscone improved the expression of stem cell factor and fractalkine in rats. 21 Stem cell factor is a pluripotent cytokine that stimulates the proliferation of early stem cells 39 and is often used in the culture of various stem cells to promote their proliferation, differentiation and migration. 40 The present study showed that different concentrations of muscone promoted the proliferation and colony formation ability of GMSCs. These results were consistent with those of previous studies. 21, 22 Cell migration plays a significant role in some biological processes, such as tissue development and wound healing. The successful migration of GMSCs to the damaged area and their function are of great significance for tissue regeneration. Previous research found that muscone promotes the migration of BMSCs in vivo. 22 Jiang Hui found that muscone promotes the expression of SDF-1 and MCP-1 and their corresponding chemokine receptors CXCR4 and CCR2, and the mechanism for promoting exogenous BMSC migration in the skull bone defect rat model was closely related to the sdf-1/CXCR4 and McP-1/ CCR2 chemokine signaling axes. 41 The results of our study showed that muscone significantly promoted the migration of GMSCs in vitro, which was in accordance with the findings of previous in vivo studies, 22, 41 but the specific mechanism for promoting GMSC migration in vitro remains to be explored in future studies.
Multidirectional differentiation potential is an important characteristic of GMSCs. ALP can be used as an indicator of early mineralization, RUNX2 is one of the most important transcription factors in osteogenesis, and the formation of calcium nodules is usually regarded as a late marker of osteogenic differentiation. 42 Previous studies have shown that muscone promotes the secretion of bone morphogenetic protein (bmp)-4 and bmp-7, which might increase ALP activity and osteocalcin expression in human periodontal ligament cells. 43 However, in our study, we found that muscone inhibited ALP activity in GMSCs, decreased the formation of calcium nodules, and downregulated the expression of the osteogenic genes ALP and Osterix; these results were inconsistent with those of previous studies, 21, 43 perhaps because of the use of different types of stem cells, which have certain differences in multidirectional differentiation capacity. PPARγ is one of the most important adipogenic differentiation transcription factors 44 and participates in the regulation of lipid metabolism. LPL is an important gene that encodes lipoprotein lipase, which functions in lipoprotein metabolism. In the present study, we found that muscone increased the formation of lipid droplets and upregulated the expression of the adipogenesis-related genes PPARγ and LPL. Adipogenesis is important for soft tissue reconstruction after trauma or tumor resection. 45 Experimental efforts regarding novel soft tissue reconstruction methods have relied on the transplantation of stem cells isolated from adult tissue. 46 In a previous study, researchers found that upon stimulation by growth factors, MSCs in scaffold materials can be transplanted into soft tissue defects to promote the repair of defective adipose tissue. 47 Cytokine-mediated cell homing may offer an alternative to cell transplantation approaches in the regeneration of various tissues, 48 including adipose tissue. We speculate that GMSCs can be transplanted with scaffold materials into soft tissue defects and that muscone is a potential stimulatory factor that may promote the repair of defective adipose tissue. On the other hand, muscone could first promote the migration of GMSCs to local tissues, induce GMSC proliferation and adipogenic differentiation, and finally repair the damaged adipose tissue. Further exploration is needed to confirm these hypotheses. In tissue engineering and regenerative medicine research, Liu found that muscone can increase the BMSC therapeutic potential for the treatment of AKI. 49 Du showed that muscone significantly downregulates the levels of LPS-induced inflammatory cytokines and inhibits inflammasome activation in bone marrow-derived macrophages and suggested that this drug may be a promising and effective therapeutic for postmyocardial infarction. 31 A previous study showed the protective effect of muscone against alcohol-induced osteonecrosis of the femoral head both in vitro and in vivo. 32 Data indicate that muscone may be a promising and effective promoting factor in the fields of tissue engineering and regenerative medicine.
The Wnt signaling pathway is a conserved signal transduction pathway that is involved in many developmental processes, including embryo formation, and plays an important role in maintaining adult tissue homeostasis. 23 Under normal circumstances, Axin, APC, PP2A, GSK3β, and CK1 form a degradation complex in the cytoplasm. When this degradation complex binds to β-catenin, GSK3β promotes the phosphorylation of β-catenin at Ser33 and Ser37, resulting in β-catenin degradation by the proteasome. 50 However, when GSK3β is inactivated by increasing Ser9 phosphorylation, 51 it can no longer promote β-catenin phosphorylation, leading to β-catenin accumulation in the cytoplasm and, eventually, β-catenin translocation into the nucleus, where it interacts with TCF/LEF to form a transcriptional activation complex that activates WNT-responsive genes such as c-myc, CD44, Osterix and PPARγ. 52 Studies have shown that inhibiting the classical Wnt signaling pathway promotes the adipogenic differentiation of preadipocytes and accelerates the differentiation of adipocytes, 53, 54 while activating the classical Wnt pathway promotes the osteogenesis of BMSCs by upregulating osteogenic differentiation-related genes. 55, 56 Therefore, the Wnt/β-catenin signaling pathway is important for the multidirectional differentiation of stem cells. In the present study, we discovered that muscone inhibited osteogenic differentiation by downregulating the expression of the Wnt pathway-related gene β-catenin and the downstream signal LEF in GMSCs. We speculate that muscone inhibits Wnt signaling pathway activation by decreasing β-catenin and LEF levels, being unable to form a transcriptional activation complex, ultimately reducing the expression of the osteogenic genes ALP and Osterix. On the other hand, we observed that muscone decreased β-catenin and p-GSK3β levels, enhanced GSK3β expression, and promoted adipogenic differentiation. However, the effect of muscone on the multidirectional differentiation capacity of GMSCs was significantly reversed by the agonist LiCl (GSK3β inactivator) 57, 58 through the Wnt/β-catenin signaling pathway. Based on these findings, we speculate that during adipogenic differentiation, muscone reduces Ser9 phosphorylation of GSK3-β, increases GSK3-β activation and, then promotes β-catenin phosphorylation and degradation, decreases β-catenin accumulation in the cytoplasm and blocks Wnt signaling pathway activation, eventually enhancing the expression of the adipogenesis-related gene PPARγ. More researches are needed to confirm our speculation.
In our study, we performed experiments and analyses in vitro at only certain time points and stages. The pharmacological effects of muscone on GMSCs in vivo are still not clear; therefore, animal experiments are required to further explore the physiological and biochemical effects of muscone on GMSCs in vivo. Meanwhile, studies on the effects of muscone on the differentiation of GMSCs towards other lineages, such as chondrogenic and neural differentiation, have not been conducted, and further studies are needed.
Conclusion
In summary, we demonstrated that muscone can effectively inhibit osteogenic differentiation and promote GMSC proliferation, migration and adipogenic differentiation. Moreover, our data clearly show that the Wnt/β-catenin signaling pathway is closely related to the effect of muscone on the osteogenic differentiation and adipogenic differentiation of GMSCs. Muscone promotes the adipogenic differentiation of human GMSCs by inhibiting the Wnt/β-catenin signaling pathway. The results will provide a theoretical basis for the application of GMSCs and muscone in tissue engineering and regenerative medicine.
